ABSTRACT Vanclay, J.K., 1991. Aggregating tree species to develop diameter increment equations for tropical rainforests. For. Ecol. Manage., 42: 143-168. Pairwise F-tests provided an efficient approach for aggregating large numbers of species into a manageable number of groups for developing diameter increment functions. The first stage of the two-stage procedure identified the number of groups required and the species defining these groups; the second stage aggregated all the remaining species into the most appropriate group. Although there is no guarantee that this leads to an optimal solution, empirical results suggest that the outcome is near optimal. This approach is readily automated and computationally efficient. An analysis of diameter increments of 237 species from the rainforests of north Queensland indicated 41 species groups, each with increment functions significantly different at P<0.01. These provided a substantially better model than the previous model based on subjectively formed groups.
INTRODUCTION
Tropical rainforests are characterized by large numbers of tree species with diverse growth habits. Although some of these species are widely distributed, others occur infrequently and data from which to develop growth models may be sparse. The rainforests of north Queensland are no exception. Of the 400 tree species recognised on a series of permanent sample plots, the most common 5% of tree species contribute 50% of the available growth data, while the least frequent 50% of species contribute a mere 5% of the data.
It is impractical to develop growth functions for each individual tree species, because of the large number of functions that would be required, and the paucity of data for many species inhibits the development of reliable relationships. Thus, it is desirable to aggregate species into several groups, to reduce the number of functions require to a more manageable number, and to avoid the requirement for specific equations for species with few data.
Previously, five species groups based on subjective criteria, have been employed for growth modelling and yield prediction (Queensland Department of Forestry, 1985; Vanclay, 1988b Vanclay, , 1989a . The present study seeks to develop an objective and automatic procedure to form groups of similar growth habits, without imposing any limit on the number of groups.
DATA
The present study concerns the tropical rainforests of northeast Queensland. These forests have been managed for conservation and timber production for more than 80 years (Just, 1991) , and provide a sustained yield of veneer and sawlogs of 60 000 m 3 year -' (Preston and Vanclay, 1988) . Management of these forests has been supported by a comprehensive research programme (Queensland Department of Forestry, 1983) which has provided a database of 250 permanent sample plots with a measurement history of up to 40 years. These plots sample virgin, logged and silviculturally treated forests.
Permanent sample plots range in size from 0.04 to 0.5 ha, and have been frequently remeasured. All trees exceeding 10 cm dbh (diameter over bark at breast height (1.3 m) or above buttressing) were uniquely identified and tagged, and were regularly measured for diameter (to the nearest millimetre) using a girth tape. To improve the consistency of diameter measurement, field crews had access to previous records while in the field. Any trees exhibiting defects or bulges at or near the measurement height were noted and so identified on computer. Such trees have not been used in calculating diameter increments, and have only been used in calculating stand basal areas.
Pairs of remeasurements were selected from the database to attain intervals between remeasurements of approximately 5 years, which did not span any logging or silvicultural activity. A data file was created for input to the statistical package GLIM (Payne, 1986) , and contained 62,372 observations of diameter increment derived from 28,123 individual trees. The file also contained records of tree species and dbh, and stand variables such as site quality, stand basal area and soil type. Site quality for each plot was estimated using Vanclay's (1989b) eqn. (13), and any plots for which the estimated site quality exceeded the range 0-10, or for which the variance of the estimated site quality exceeded two were rejected, and omitted from the analysis. Valid estimates of site quality were obtained for 212 plots, which provided the present database.
Species identity is recorded in the database as a three-character mnemonic (the Forest Research Branch code) for the great majority of species, but a few trees of indeterminate identity were identified only as miscellaneous. However, correct species identification is often difficult in these forests, and inventory procedures record only the standard trade name (Standards Association of Australia, 1983), using a subset of the mnemonics known as the Harvesting and Marketing ( H&M ) code. Although the H&M code retains the correct identity of most species, several members of a genus may share a common code, as may members of more than one genus with similar timber characteristics. There are also additional non-commercial species simply labelled miscellaneous. As the present study was to develop diameter increment functions for use in yield prediction, it was appropriate to use the H&M codes, and 300 of the FRB codes in the data were converted into 236 H&M codes for analysis, and the remaining 100 with no H&M equivalent were grouped as miscellaneous.
METHOD
Although the data comprise repeated re-measurements, the present analyses employed ordinary least squares (OLS) rather than generalized least squares Leech, 1978, 1981; West et al., 1984) . OLS offers computational efficiencies, and enables analysis of species restricted to a few plots. The use of OLS should be satisfactory, as for most species, the number of trees was large compared with the number of re-measurements on the same individual, and the regression analysis was a growth rather than a yield function, regressing increment on initial size and avoiding the use of age. However, to avoid inflated estimates of significance, statistical probabilities were computed using degrees of freedom derived from the actual number of trees, rather than from the number of re-measurements. Vanclay (1989b) presented a diameter increment function which stabilizes variance, provides a good fit, and can be easily fitted using linear regression: log (DI+α) = β 1 + β 2 ×D + β 3 ×log(D) + β 4 ×log(D)×SQ + β 5 ×log(BA) + β 6 ×OBA (1) where: DI is diameter increment (cm year -1 ); D is dbh (cm); SQ is site quality (Vanclay, 1989b) ; BA is stand basal area (m 2 ha -1 ) of trees exceeding 10 cm dbh; OBA is overtopping basal area (m 2 ha -1 ), defined as the basal area of stems the diameter of which exceeds that of the subject tree; and α, β i are parameters to be estimated.
Parameter a should be positive, so that zero increments and small decrements can be included in the analysis. Failure to accommodate these observations may lead to overestimates of diameter increment and timber yields. Vanclay (1989b) , investigating the growth of several species, found that α =0.02 provided both a good fit and a good distribution of residuals, and this convention has been extended to the present study.
It is also logical to expect that the parameters β 2 , β 5 and β 6 should be negative (or zero), and that β 4 should be positive. Parameter estimates were examined, and if otherwise, were removed from the regression. This occurred only for those species with few data, and the offending parameter estimates were not significant. Parameters with the appropriate sign were accepted, even if nonsignificant. The equation was fitted independently to each species, and the residuals were examined and found to be well distributed and free of outliers in every case. However, comparison between species revealed significant heterogeneity of variance for species with fewer observations, which introduced difficulties in comparing and aggregating species.
An obvious approach to aggregating species is to use pairwise F-tests, but the outcome of this approach depends to some extent, upon the order in which comparisons are made. To ensure repeatable results, all possible pairs could be compared, and aggregation commence with the most similar pair. Unfortunately, these will be the species with the fewest data, heterogeneous variance and poor parameter estimates, and thus do not provide a strong basis for comparison. Empirical trials with this approach led to several apparently anomalous groupings, including at least one group comprising a disproportionate number of species. Leech et al. (1991) considered an alternative approach for aggregating species for developing polynomial volume equations using Hotelling's T 2 and principal coordinate analysis. Their approach is not a panacea, as they caution that their approach should only be used where the order of the polynomial and the sign of the highest order term are the same. The data in the present study appear unsuited to this approach, as many of the species have few data or few sites, and not all of the parameters fl, can be estimated for each species (i.e. some parameters may be aliased for some species).
The present data exhibited homogeneous variance for those species with the most data, and increasing heterogeneity as the numbers of observations decreased. This characteristic suggested an alternative approach entailing pairwise comparisons between those pairs for which the prediction equation could be reliably estimated. Species were ranked by decreasing number of remeasurements, and the `founding' species of the first group was the species of highest rank (greatest number of observations). Species of lower rank were considered in turn, and pairwise comparisons made with all existing groups. If this incoming species was significantly (P< 0.01) different from all existing groups, it became the founding species of a new group; otherwise it was aggregated with the most similar group.
The miscellaneous group comprised 100 taxa from 72 genera, encompassing a variety of life forms, ranging from shrubs to large trees. As this group exhibited significantly greater variance, it was assigned the lowest rank.
Similarity was determined by comparing the residual sum of squares from fitting eqn.
(1) to the existing group and the incoming species independently, with that obtained from the pooled data. Three criteria were considered: (1) the change in the residual sum of squares; (2) the F-statistic; (3) the probability of the F-statistic.
These criteria were examined both with parameters derived from all species currently assigned to the group, and with only the founding species of each group. Characteristics of the resulting groupings are summarized in Table 1 . Three statistics are provided as a guide to the nature of the grouping. While the r 2 statistic is useful in indicating the relative size of the residuals, it does not provide a critical test for the relevance of the aggregation, especially where the amount of data for each group differs greatly. The simple strategy of assigning the 40 species of highest rank to a monospecific group, and aggregating all remaining species into a single group produces an r 2 of 0.445 (Table 1 ). Thus r 2 should not be used as the only test of aggregation; the maximum number of species in any group, and the minimum number of observations in any group should also be considered. The six strategies examined produced relatively similar results, with differences generally confined to species with fewer data. However, if similarity is determined by the F-statistic, the approaches using all the species within any group may be biassed, as the between-species variance will be incorporated into an inflated estimate of the group variance, and may lead to the inappropriate formation of few allencompassing groups comprising the majority of the species. This bias may be reduced by the use of probability rather than the F-statistic as the test criterion, as the pooled data contribute additional degrees of freedom. However, empirical trials suggest that probability leads to a sub-optimal grouping (Table 1) .
Comparisons based only on the founding species of each group produced slightly fewer groups. This approach is preferred on theoretical grounds, as it is free of any bias caused by between-species variation. Of the three similarity criteria, the smallest change in the residual sum of squares led to the preferred grouping. However, all six approaches examined gave rise to several apparently illogical groupings. These anomalous groupings may be attributed in part to the order of presentation of species. Consider two species of similar growth habit, with the one of higher rank having greater variability and not significantly different from one or more existing groups. The species of lower rank may be significantly different from all existing groups and become the founding species of a new group, but the similarity of the two would not be examined.
A two-stage approach was used to overcome this problem. The first stage identified the number of groups required and their founding species by comparing incoming species with founding species of higher rank, as above. This stage should not be subjectively pre-empted. The present study determined that Dysoxylum schiffneri with rank 186 and only 13 increment observations was significantly different from all 40 founding species of higher rank. The second stage involved comparing each non-founding species with each founding species, and grouping the most similar. The order of presentation was irrelevant for comparisons based only on the founding species, but was significant where comparisons were based on all species within a group. Thus comparisons were made both in order of rank, and in order of similarity after comparing all possible pairs and combining the most similar first. Four criteria were examined: (1) the error mean square derived from estimating increments for the incoming species from the existing equation for the group; (2) the change in residual sum of squares, (3) the F-statistic; (4) the probability of the F-statistic.
The analysis aggregating on order of similarity employed the partial residual mean square instead of the residual sum of squares (as in Stage 1) to accommodate incoming species with widely differing numbers of observations, and avoid biassed assessment of similarity for groups with many observations. Consider an incoming species with few observations, equally different (i.e. same residual sum of squares (RSS)) from two groups with different numbers of observations. If the RMS (residual mean square) is derived from the total degrees of freedom, rather than adjusted by the number of observations for the incoming species, similarity will be biassed towards the group with more observations. Thus the partial RMS was computed as the change in RSS divided by the number of observations for the incoming species, and provides the same outcome as RSS for other approaches to aggregation. The results of this analysis are summarized in Table 2 . One approach was outstanding in respect of all three statistics. This approach used RSS as the criterion and for comparing ungrouped species in order of rank with all species in the group (not just the founding species). It ensured that no group contained more than 11 H&M codes; the smallest group had sufficient data to provide reasonable parameter estimates, and it produced fewer apparently anomalous groupings.
Thus the final approach used to group species involved the following steps.
(1) Ranking species in order of increasing number of observations, with the miscellaneous group assigned lowest rank.
(2) Assigning the species of highest rank the founding species of Group 1.
(3) For each species in decreasing order of rank, conducting pairwise F-tests with the founding species of higher rank. If the incoming species is significantly different (P< 0.01) from all existing founding species, it becomes the founding species of a new group. Species not significantly different from all founding species remain ungrouped.
(4) After identifying all founding species, those species remaining ungrouped are compared, in order of rank, with all existing groups, and grouped with the most similar group. Similarity is determined as that grouping which leads to the smallest increase in RSS when the incoming species is amalgamated with the group. These comparisons are made with the whole group, not just the founding species.
(5) Finally, a pairwise comparison of all the resulting groups confirmed that they were all significantly different. It is not necessary that these groups differ significantly. It is possible that the between-species variation inflates the within-group variance more than is compensated for by the increased degrees of freedom, so that not all groups need be significantly different. Despite this, it is probably appropriate that any such groups not be aggregated, as at least one species in each group is known to differ significantly from at least one species in every other group.
This approach overcomes many of the difficulties associated with the alternatives discussed above, and is computationally efficient. Instead of a comparison of all possible pairs, initial comparisons are made between species with many data, reliable parameter estimates and homogeneous variance. Species with few data are only later compared with one of these major groups. It also avoids Leech et al.'s (1991) need to select arbitrarily a subset of the more numerous species to define the groups. This selection is by no means intuitive as in this study the species ranked 186 with only 13 observations initiated a new group.
The present approach provides an objective basis for aggregating species, and empirical trials with subjective assessment of the outcome, suggest that it provides a grouping more sensible than the several alternatives examined. There is, unfortunately, no guarantee that the outcome is optimal.
RESULTS
This analysis produced 41 species groups (see Appendix). Fewer species groups may have been more informative in revealing ecological affinities of tree species, and would have provided a more parsimonious growth model. However, as Stage 1 of the analysis identified 41 species with significantly different increment patterns, any grouping with fewer than 41 groups would aggregate some of these significantly different species into the one group. Fortunately the number of groups does not detract from the utility of the grouping for growth forecasting, as computer-based growth models can readily accommodate any number of growth equations. The final number of groups depends upon the significance level used. Increasing the probability to 0.05 increases the number of groups to 62, while decreasing it to 0.001 decreases the number of groups to 27. The number of parameters in the prediction equation also influences the number of groups; fewer parameters lead to fewer groups.
The group numbering reflects the amount of data available for the founding species of the group, and in no way implies any silvicultural preference or relative growth rate. The resulting groups reflect similarity of diameter increment pattern, and do not necessarily have ecological significance. Pioneer and gap colonizing species are not confined to a single group, but occur in several groups (e.g. Alphitonia in Groups 15 and 20, Macaranga and Omalanthus in 22 and Dendrocnide in 33). Some groups contain both light demanding and shade-tolerant species (e.g. Eucalyptus and Blepharocarya in Group 3). Taxonomy does not provide a good indication of growth pattern. The present analysis assigns 15 different species of Syzygium to 13 different groups, and there is not one group which contains more than two species (with differing H&M codes) from the same genus. Groups 15 and 25 both contain the genera Cryptocarya, Planchonella and Syzygium. The size attained by the species at maturity provides little indication of increment pattern (see Appendix). The average growth rate, unless adjusted for tree size, site quality and competition, also provides a poor basis for grouping. Stocker (1983) classified species on the basis of the average annual percentage increase in tree basal area and size at maturity. Three species in the present study fall into his large, fast-growing category, but exhibit quite different increment patterns (Fig.  1 ) and are assigned to three different groups (see Appendix). Group 19 contains Agathis, which commonly occurs as a large emergent tree, and Polyscias which is more commonly found as a smaller tree in the understorey. Francis (1981) records that Agathis may attain 50 m height and 240 cm dbh, while Polyscias attains 30 m height and 75 cm dbh. Agathis is well represented in the present database with both understorey seedlings and large emergent trees (dbh range 10-134 cm), while Polyscias occurs as small understorey trees (dbh range 10-62 cm, but only three stems exceed 30 cm). However, the specific equations for the species comprising this group are quite similar (Fig.  2) within the range of data available. Group 25 contains species classified by Stocker (1983) as large fast-growing and as small slow-growing species, but the specific increment functions are not dissimilar (Fig. 3) . Despite such apparent anomalies, the available evidence suggests that the species within any group do, in fact, have indistinguishable diameter increment patterns. Figure 4 shows the diversity of growth patterns predicted for several groups. These figures provide a simplistic view, as it is unrealistic to assume that both small and large trees share the same overtopping basal area. It should be noted that the relativities between groups may change for varying site quality and basal area. The growth of some groups is little influenced by site quality and/ or basal area, while others are strongly influenced.
This analysis combined those species grouped as `Miscellaneous' with Group 31. Predicted increments for this group are similar to estimates for the pooled non-commercial species. This is desirable, as inventory officers unable to identify a non-commercial tree correctly may record it as miscellaneous. As increment predictions for this group are approximately equal to the average for the non-commercial species, any bias due to mistaken identity will be minimized.
Following grouping, the possible inclusion of additional co-variates in eqn. (1) was investigated. Soil parent material has been an important co-variate in previous equations (Queensland Department of Forestry, 1985; Vanclay, 1988b Vanclay, , 1989a , and was again found to be significant. Although six classes of soil parent material are recognised in the data (alluvial and colluvial, basic volcanic, acid volcanic, coarse grained granite, Tully (fine-grained) granite, and sedimentary and metamorphic), few differed significantly. Unfortunately, no combination of these soil classes applied equally well to all species groups, so soils were combined into two classes for each species groups.
The effect of logging on diameter increment was investigated and found to be short-lived, and with few exceptions, not significant. Although most of the growth stimulus achieved from silvicultural treatment appears to result from a reduction in total stand and overtopping basal areas, a significant effect of silvicultural treatment could be detected for several of the species groups. The treatment response (Fig. 5 ) was similar to that detected for Callitris glaucophylla (Vanclay, 1988a) , but lasted longer. Competing basal area is explicitly included in the model, so this response may reflect the improved spacing of trees and absence of climbing vines. A term to account for this largely experimental treatment was incorporated into eqn.
(1) to ensure that timber fore casts from the bulk of the estate, which do not receive such treatment, are not overestimated: where TST is time (years) since silvicultural treatment; PS is binary variable which takes the value one if the species is growing on a preferred soil parent material' (Table 3) and zero otherwise; and 13, are parameters to be estimated. The resulting diameter increment equations are presented in Table 3 . Because the use of logarithms leads to slightly underestimated predictions, an adjustment to correct this logarithmic transformation discrepancy (Husch et al., 1982) has been computed and added to parameter β 1 . Data exhibiting large decrements in diameter (exceeding -0.02) were excluded from the regression analyses, but were used in determining this correction, thus ensuring freedom of any bias. Table 4 compares estimates from the present equations with those previously developed (Queensland Department of Forestry, 1985; Vanclay, 1988b Vanclay, , 1989a . It is evident that the 1985 equations underestimate increments in the present database, and provide no better residuals than a simple average (i.e. notional r 2 <0). This is not unexpected, as the present database comprises many more plots (212 compared with 37 plots in 1985), many of which examine experimental silvicultural treatments with low basal areas and higher increments. A better fit is obtained with eqn. (1), and this improvement may be attributed to the use of a more flexible and more easily estimated equation, and the development of a more reliable measure of site quality (Vanclay, 1989b) . Further improvement is obtained by including soil type and treatment history (eqn. 2). The objective formation of 41 groups provides a further substantial improvement in the fit to the data. Clearly, the present model is superior and should contribute more precise yield estimates. 
CONCLUSION
The two-stage approach using pairwise F-tests provides a simple and robust method of comparing and aggregating species groups. Although there is no guarantee that this approach provides an optimal solution, empirical results confirm that the outcome is near optimal.
However, the success of this depends very much upon the variance associated with each species. If the data exhibit non-homogeneous variance, it may be preferable to rank by increasing variance rather than by decreasing number of observations. In particular, it is critical that the species of highest rank has sufficiently low variance that it differs significantly from at least some other species.
This particular grouping should not be considered final; rather, the analysis should be repeated as more data become available, until the resulting groupings show some stability. The resulting grouping of species is useful for growth and yield studies. The equations derived from species groups are more robust than those for individual species, and the existence of fewer equations leads to a more parsimonious growth model. The equations for the grouped data provide better predictions than those derived from a previous model based on subjectively formed groups. 
APPENDIX: SPECIES GROUPS
The following species groups reflect similarity of diameter increment pattern, and do not necessarily have ecological significance. The group numbering reflects the amount of data available for the founding species of the group, and in no way implies any silvicultural preference or relative growth rate. In the interests of brevity, varieties and subspecies have been omitted from this list.
The species presented are those actually represented in the data. Some H&M codes are also applied to other species not present in the database.
The 'Stocker Code' refers to a classification by Stocker (1983 ) based on his observations in the glasshouse and research plots, of: (1) primary method of dispersal (B is bird, T is bat, W is wind, G is gravity); (2) glasshouse germination rate (R is rapid, completed within 6 months, I is intermediate, E is extended, not complete within 24 months); (3) average growth rate (F is fast, where the individual's annual basal area increment exceeds 2% of its initial basal area, I is intermediate, S is slow, where increment is less than 1% of its basal area); (4) size at maturity (L is large, exceeding 100 cm dbh, I is intermediate, S is small, less than 40 cm dbh).
The 1985 Group refers to the species grouping previously used (Queensland Department of Forestry, 1985; Vanclay, 1988b Vanclay, , 1989a , where FL indicates species with a fast growth rate and attaining a large size at maturity, SL is slow and large, FS is fast and small at maturity, SS is slow and small, and the remaining species were in the non-commercial group. 
